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Abstract
Advances in microscopy and fluorescent probes provide new insight into studying cellular and
molecular interactions. Two-photon fluorescence microscopy is one of the most important recent
inventions in cellular and molecular study. This technology enables noninvasive study at cellular and
molecular levels in three dimensions with submicrometer resolution. Two-photon excitation of
fluorophores results from the simultaneous absorption of two photons. This excitation process has a
number of unique advantages, such as reduced specimen photodamage and enhanced penetration depth.
In this study, we used our two-photon microscope to observe predatorial behavior of fast moving
bacterivorous marine organism Cafeteria roenbergensis and quantify Mycobacterium phagosomal rupture
in macrophages.
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Chapter 1: Two-Photon Microscopy (TPM)
1.1

INTRODUCTION
Several laser-scanning microscopy techniques have been developed in the last twenty years

based on non-linear optical phenomena. This has led to a variety of powerful imaging tools, such
as two-photon excited fluorescence microscopy (TPM), Second Harmonic Generation (SHG)
microscopy, and Coherent Anti-Stokes Raman scattering (CARS) microscopy. The advantages
these novel techniques over conventional optical microscopy methods have enabled great
developments in biological imaging, especially in thick tissue and live animal studies. Two-photon
fluorescence microscopy is one of the most important recent inventions in biological imaging. This
technology enables noninvasive study of biological specimens in three dimensions with
submicrometer resolution. Two-photon excitation of fluorophores results from the simultaneous
absorption of two photons [1].
A molecule in a ground electronic state can be promoted to an excited vibronic state if it
absorbs a photon with energy matching the energy gap between the two states. After relaxing to
the lower vibrational state, the molecule will return to the ground electronic state emitting a lower
energy photon than the one absorbed. This is the basis of one photon excited fluorescence. The
difference in frequency between the photon absorbed and the photon emitted is called the Stokes
shift. The same process can occur by quasi-simultaneous absorption of two lower energy photons
via short-lived virtual states, if the energy sum of the two photons is enough to reach the first
excited electronic state. In this case, the probability of absorption is proportional to the intensity
squared of the excitation light.
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1.2

HISTORY OF TWO-PHOTON MICROSCOPY
Multiphoton excitation processes were predicted by Maria G𝑜̈ ppert-Mayer in her doctoral

dissertation on the theory of two-photon quantum transitions in atoms in 1931 [2]. Experimental
work in nonlinear optics may have begun with the work by Franken and his group in 1961, focusing
on second harmonic generation of light [3]. They showed that ruby laser light, at wavelength λ,
propagating through a quartz crystal will generate light at the second harmonic frequency with a
wavelength of λ/2. In 1963, a few weeks after the publication of the paper by Franken et al, Kaiser
& Garret published the first report on two-photon excitation (TPE) of CaF2:Eu2+ fluorescence [4].
They later demonstrated that TPE also can excite the fluorescence of organic dyes. Since then,
many examples of TPE processes in molecular spectroscopy have been reported. Two-photon
spectroscopy has become an important tool to study the electronic structure of the molecular
excited states. G𝑜̈ ppert-Mayer’s theory was finally verified 32 years after its formulation. By
analogy with the two-photon processes, three-photon excitation spectroscopy has also been
described [5].

1.3

THEORY OF TWO-PHOTON ABSORPTION

1.3.1 Intensity Square Dependence versus Power and Optical Sectioning
When the interaction between light and molecules is not too “strong,” the methods of
perturbation theory can be applied. According to this approach, the full Hamiltonian has been split
[6] into a perturbation-free, time independent H0 and a time-dependent perturbation V:
𝐻 = 𝐻0 + 𝑉

2

(1)

Where H is very close to the unperturbed Hamiltonian 𝐻0 .We can examine the contribution of the
electromagnetic interaction at the various order in V. Let the system have only two states,𝒊 and 𝒇,
eigenstates of time-independent H0. The transition probability between 𝒊 and 𝒇 can be evaluated
in terms of the time evolution operator U as:
𝑊𝑖→𝑓 = |⟨𝑓|𝑈(𝑡)|𝑖⟩|2

(2)

Where U can be expressed as a function of V (D-labelled operators) as:
1 𝑛

𝑡

𝑡

𝑡

𝑛
2
𝑈𝐷 (𝑡, 0) = 𝐼 + ∑∞
𝑛=1 (𝑖ℏ) ∫0 𝑑𝑡𝑛 ∫0 𝑑𝑡𝑛−1 … … . ∫0 𝑑𝑡1 𝑉𝐷 (𝑡𝑛 )𝑉𝐷 (𝑡𝑛−1 ) … 𝑉𝐷 (𝑡1 )

𝑈 = 𝑈0 𝑈𝐷 ;

𝑉𝐷 = 𝑈0+ 𝑉𝑈0 ;

𝐻0

𝑈0 = 𝑒 −𝑖( ℎ )𝑡

(3)

(4)

The transition probability can thus be estimated at different orders out of equations (3) and
(4). The zeroth order correction leads to null probability of transition between 𝒊 and 𝒇 , owing to
the orthogonality property of eigenfunctions. On the contrary, it can be shown that the first order
transition probability is proportional to the matrix element:
2

|𝑉𝑓𝑖 | = |⟨𝑓|𝑉|𝑖⟩|2

(5)

That is related to the single-photon absorption cross-section.
The choice of wavelengths in TPE applications is typically performed to get the singlephoton cross-section negligible. This allows the calculation of a second order transition
probability:
(2)

1

𝑡

2

𝑡 ′′

𝑊𝑖→𝑓 = ℏ4 |∫0 𝑑𝑡 ′′ ∫0 𝑑𝑡 ′ ⟨𝑓|𝑈0 (𝑡, 𝑡 ′′ )𝑉(𝑡 ′′ ) × 𝑈0 (𝑡 ′′ , 𝑡 ′ )𝑉(𝑡 ′ )𝑈0 (𝑡 ′ )|𝑖⟩ |

3

(6)

Since transitions are performed between the eigenstates of H0, it is useful to write transition
amplitudes in terms of them:

(2)
𝑊𝑖→𝑓

1

= ℏ4 |𝑒

−(𝑖⁄(ℎ)𝐸𝑓 𝑡) ∑

𝐸𝑓 −𝐸𝑚

′′
𝑡
′′ 𝑡
′ 𝑖(
𝑚 ∫0 𝑑𝑡 ∫0 𝑑𝑡 𝑒

ℎ

)𝑡 ′′

×𝑒

𝐸𝑓 −𝐸𝑚

𝑖(

ℎ

)𝑡 ′

2

⟨𝑓|𝑉(𝑡 ′′ )|𝑚⟩⟨𝑚|𝑉(𝑡 ′ )|𝑖⟩

|

(7)
Where m are the intermediate virtual states for which 𝑉𝑚𝑖 ≠ 0 and 𝑉𝑓𝑚 ≠ 0.

Figure 1.1: Simplified scheme of the energy transition occurring under TPE regime
The perturbing electric field felt by the fluorophores can be described by a constant
operator C and a time dependent factor:
𝑉(𝑡) = 𝐶𝑒 −𝑖𝑤𝑡

(8)

Where C, the max amplitude, is a vector that describes the polarization direction of light.
It is now convenient to introduce the Bohr frequency and work under single intermediate
level approximation (a and b are two states):
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𝑤𝑎𝑏 =

𝐸𝑎 − 𝐸𝑏
ℎ

Therefore, we can write from equation (7)
(2)
𝑊𝑖→𝑓

2

=

|𝐶𝑓𝑚 𝐶𝑚𝑖 |

𝑡

′

′

2

× |∫0 𝑑𝑡′ [𝑒 𝑖𝑤𝑛𝑖 𝑡 − 𝑒 𝑖𝑤𝑛𝑚 𝑡 ]|

2
ℏ4 𝑤𝑚𝑖

(9)

This represents a transition mediated by only one virtual level m. Two photons of suited
energy have to interact simultaneously with the fluorescent dye to be absorbed and to excite it,
according to the simplified Perrin-Jablonsky scheme shown in Figure 1.1.
Let Cab be the matrix elements of the constant perturbation operator. In the Coulomb
gauge, they can be written as
𝑒 𝑝⃑

𝐶 = 𝑐 𝑚 𝜀̂𝐴0 𝑒 𝑖 ⃑𝑘⃑ .𝑟⃑

(10)

Where A0 is the vector potential and 𝜀 is the polarization vector.
It is now possible to calculate the second order transition rate, introducing the harmonic
temporal behavior of the perturbation and considering the transition rate for the symmetric
intermediate level between the ground and excited state:
(2)

2

2𝜋

(2)

𝑤𝑖→𝑓 = lim 𝑊𝑖→𝑓 = ℏ4 𝑤2 |𝐶𝑓𝑚 𝐶𝑚𝑖 | 𝛿(𝑤 ′ − 𝑤)
𝑡→∞

(11)

Where 𝛿 is the Kronecker’s delta function.
On the other hand, the vector potential can be related to the radiation intensity by means of
the Poynting vector (N):
𝑤2

𝑐

⃑⃑ | = |𝐸⃑⃑ × 𝐵
⃑⃑ | =
𝐼 = |𝑁
𝐴2
4𝜋
2𝜋𝑐 0
5

(12)

Substituting equations (10) and (12) in (11) we obtain:
(2)

𝑤𝑖→𝑓 ∝ 𝐼 2

(13)

Equation (13) shows the proportionality between the second-order transition probability
(two-photon absorption) and the square of radiation intensity. The lasers used for microscopy work
in the TEM00 mode. The light intensity distribution of a laser beam orthogonal section can be
approximated as a Gaussian-Lorentian distribution having cylindrical symmetry (Xu, 2002):

𝐼(𝑝, 𝑧, 𝑡) =

2𝑃(𝑡)
𝜋𝑤 2 (𝑧)

2𝜌2

−[
]
𝑒 𝑤2(𝑧) ;

𝑧

2

𝑤(𝑧) = 𝑤0 √1 + (𝑧 )
𝑅

(14)

Where 𝜌 and z are, respectively, the radial and axial coordinates referred to the origin in the infocus spot; w0 is the laser beam diameter in the focus plane; and zR is the Rayleigh length.
Since the emitted fluorescence is proportional to the transition probability, equations (13)
and (14) show that the intensity of emission falls along the optical axis as the fourth power of the
focal distance:
𝐹 ∝ 𝑧 −4

(15)

This is a first important result strictly connected to the capability of TPE optical sectioning.

1.2.2 Cross-section and Colocalization
The proportionality factor in equation (13) can give further insights about the two-photon
cross-section. It is possible to derive it under dipole approximation:
⃑⃑ . 𝑟⃑ + ⋯ ≈ 1
𝑒 𝑖𝑘⃑⃑.𝑟⃑ = 1 + 𝑘
𝑝⃑
1
=
[𝑟,
⃑⃑⃑ 𝐻0 ]
𝑚
𝑖ℏ
6

8𝜋 3 𝑒 4

2
𝑤𝑖→𝑓≈
𝐼 2 |⟨𝑓|𝜀̂. 𝑟⃑|𝑚⟩⟨𝑚|𝜀̂𝑟⃑|𝑖⟩|2 𝛿(𝑤 ′ − 𝑤)
ℏ4 𝑤 2 𝑐 2

The first order approximation is a good one since 𝑘 =

2𝜋
𝜆

(16)

and 𝜆 ≫ 𝑟 . Indeed a fluorophore is

very small compared to the wavelength of light, and the spatial variation of the electric field within
the molecule can be ignored [7].
Some constants can be grouped together in the fine structure constant and the radiation
intensity divided by the single photon energy to get it in terms of number of photons:
𝐼

2

2
𝑤𝑖→𝑓
≈ 8𝛼 2 𝜋 3 |⟨𝑓|𝜀̂. 𝑟⃑|𝑚⟩⟨𝑚|𝜀̂ . 𝑟⃑|𝑖⟩|2 𝛿(𝑤 ′ − 𝑤) (ℏ𝑤)

(17)

Furthermore, the two-photon cross-section can be written introducing again a sum over all
the possible excitable intermediate levels:
𝜎𝑇𝑃𝐸 ≈ ∑𝑚 8 𝛼 2 𝜋 3 |⟨𝑓|𝜀̂. 𝑟⃑|𝑚⟩⟨𝑚|𝜀̂. 𝑟⃑ |𝑖⟩|2 𝛿 (𝑤 ′ − 𝑤)

(18)

On the other hand, the single-photon cross-section is expressed as (Sakurai, 1985):
𝜎𝑆𝑃𝐸 ≈ 4𝛼𝜋 2 |⟨𝑓|𝜀̂. 𝑟⃑|𝑖⟩|2 𝑤𝛿 (𝑤 ′ − 𝑤)

(19)

In equation (18), the square of the matrix element gives the selection rules, the lifetime of
the transition, and the delta-function is the ideal absorption spectra profile.
Comparing equations (18) and (19), we can outline the different selection rules and the
same delta function profile but, in the former case, summed over an intermediate level set. Due to
the different selection rules and to the sum over the different states, the experimentally observed
two-photon cross-sections, if rescaled in a half-wavelength scale, are quite broader or at least equal
to the single-photon one.
According to equations (18) and (19), TPE cross-section can also be written (Xu, 2002) as:
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𝜎𝑇𝑃𝐸 ≈ 𝜎𝑓𝑚 𝜎𝑚𝑖 𝜏𝑚

(19)

Where single-photon cross-sections for transition to and from an intermediate level m are
stressed together with its lifetime.
Broader cross-sections let more fluorescent dyes be simultaneously excited, so the choice
of emission spectra whose overlap is negligible allows three-dimensional distributions to be
simultaneously recovered through TPE technique.

1.4

EXPERIMENTAL SETUP

1.4.1 Light source
The microscope developed in our lab is based on a femtosecond titanium-sapphire
(Ti:Sapphire) laser source. This system provides pulses with duration on the order of 100 fs with
a repetition rate of 80 MHz. It delivers peak powers of over 300 kW while the average power can
reach above 2.5 W. This laser also possesses a wide tuning range from 690nm to 1040nm allowing
selective excitation of a wide variety of fluorophores. The most abundantly used fluorophores have
single photon excitation wavelength ranging from 350nm to 690nm. Considering that for twophoton absorption the excitation wavelength can be approximated as twice the wavelength used
for single photon, we are transported to the near-infrared region of the spectrum. Another
important characteristic of the range of wavelengths provided by our laser source is that the
absorption coefficients of most biological specimens are minimized in this range. In other words,
the fact that there is low absorption and scattering in this wavelength range accounts for greater
penetration depth in biological samples.
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1.4.2 Waveplate and Polarizer
The light coming out of our laser source is linearly polarized in the horizontal direction.
Right after the source there is a half waveplate attached to a rotary mounting that allows us to shift
the polarization direction by rotating the fast and slow axis of the waveplate. A typical half
waveplate introduces a phase shift of 𝜋 between the polarization components. For linearly
polarized light this translates into a rotation of 2θ, where θ is defined as the angle formed by the
polarization vector and the fast axis of the waveplate.
Following the half waveplate there is a linear polarizer that splits the beam into two parts
with different linear polarization. This type of polarizer is more suitable for use with our
femtosecond laser since it does not need to absorb the high intensity light; instead it allows a
particular polarization direction to go through parallel to the direction of the beam while all other
polarization directions are deflected perpendicular to the beam path.
We use this combination of waveplate and polarizer to effectively control the average
power of our laser beam. Usually, the polarizer is kept in a fixed position while the wave plate is
rotated to obtain the desired average power. This can be easily understood from Malus’ law which
describes the intensity of a beam when a perfect polarizer is placed in its path and is given by
𝐼 = 𝐼0 (𝑐𝑜𝑠𝛼)2
Where 𝐼0 and 𝐼 are the intensities of the laser beam before and after the polarizer and 𝛼 is the angle
formed between the polarization vector coming out of the waveplate and the axis of the polarizer.
In an ideal situation the full intensity is transmitted when 𝛼 = 0𝑜 while the light beam is blocked
if 𝛼 = 90𝑜 .

9

Figure 1.2: Schematic of the Two-Photon Laser Scanning Fluorescence Microscope developed in
the Biophotonics Laboratory of the Physics Department at UTEP.

1.4.3 Scanning Platform
The scanning mechanism and its timing circuitry form an essential part of our two-photon
system. It provides the fast scanning capability necessary to image dynamic cellular processes and
makes it suitable for live animal studies. Currently it is possible to image a full frame of 320µm
10

by 320µm at a rate of 30 frames per second. Additionally, an electronic circuit allows tuning the
frame rate to 60 and 120 frames per second, which can be used to image even faster processes.
The field of view is decreased in the vertical direction by one half of its full frame dimension in
the case of 60 frames per second and by one fourth for 120 frames per second.
The scanning platform is composed of a galvanometer mounted mirror and a spinning
polygonal mirror to produce a unidirectional raster scan pattern. The galvanometer mounted mirror
scans the vertical direction or axis while the horizontal direction or axis is scanned by the spinning
polygonal mirror. The later consists of a disk with 36 facets equally distributed along the edge; its
constant rotational speed is 480 revolutions per second. Each facet corresponds to a line in the
image parallel to the x axis. It is straight forward to calculate the line scanning rate for the polygonal
mirror, which is fixed to 17280 Hz. Table 1.1 summarizes the amount of lines per image calculated
for each frame rate.
Table1.1: Lines per image corresponding to each frame rate.
Frame Rate (Hz)

Line per image

30

576

60

288

120

144

The fact that the number of lines per images are integer multiple of the number of facets
(36) guarantees that the same facet scans the same line on every successive frame avoiding vertical
scrolling effects.
Unlike the polygonal mirror, whose scanning rate is fixed, the galvanometer-mounted
mirror can be scanned in the vertical dimension at 30 Hz, 60 Hz or 120 Hz, therefore setting the
11

scanning rate of the microscope. In order to synchronize the galvanometer and polygonal mirrors
a bicell photodiode is used to count the number of facets (lines) and generate an electronic signal
that is used by the circuitry to drive the galvanometer at a specific frequency. The photodiode is
able to generate the synchronization signal by means of a 650nm laser diode that shines on the
polygonal scanner in a way that its reflection scans across the bicell photodiode.

1.4.4 Dichroic Mirrors and Filters
A dichroic mirror can be used to separate laser beams with different wavelengths. They
have the property of transmitting a certain range of wavelengths while reflecting others. As we can
see in figure 1.2, our microscope has three dichroic mirrors labeled as a, b and c.
The dichroic mirrors in our set up are positioned in a way that the angle formed between
the incident light and the mirror is close to 45 degrees. Dichroic a transmits all the wavelengths
above 660nm while reflecting wavelengths below it. This allows that the excitation light reaches
the objective lens while the fluorescence emitted by the sample is reflected in a perpendicular
direction to the initial beam path. The next two dichroic, b and c, separate the fluorescent signal,
redirecting specific ranges of wavelengths to each detector (PMT). For example, dichroic b reflects
wavelengths below 495nm, allowing the blue range of wavelengths to reach the PMT designated
for the blue channel. The transmitted fluorescence continues a straight path until it reaches the
dichroic c, where it is separated one more time; wavelengths below 580nm, containing the green
portion of the spectrum, are reflected towards the green channel detector while the remaining
fluorescent signal is transmitted towards the red channel detector.
With the purpose of narrowing down the range of wavelengths and selectively detect
fluorescence from the sample corresponding to the blue, green and red portions of the visible
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spectrum, there are a couple of band pass filters in front of each detector. They are represented in
figure 1.2 and labeled as d, e and f.

1.4.5 Objective Lens
In our laboratory we count with two Olympus objective lenses differing mainly in the
numerical aperture (NA) and the working distance. The NA is a unitless number that characterizes
the range of angles over which the objective lens can accept or emit light. It is defined as
𝑁𝐴 = 𝑛 𝑠𝑖𝑛𝛽
Where 𝑛 is the refractive index of the objective immersion liquid and 𝛽 is the half angle of the
maximum cone of light that can enter or exit the lens. The working distance, on the other hand, is
defined as the distance from the front lens element of the objective to the closest surface of the
coverslip when the specimen is in sharp focus. As a general rule, the objective working distance
decreases as the magnification and NA both increases.
Our two objective lenses have a magnification factor of 60X and a NA of 1 and 1.2. .They
are both water immersion objective lenses (n=1.33 for pure water).
The characteristics of the objective lens play an important role in determining the resolution
of an imaging system. As it was explained before, optical sectioning is an intrinsic property of a
two-photon system, giving it the capability of 3D imaging. The lateral resolution of our microscope
can be approximated using Abbe’s equation

𝑅 = 0.6

𝜆
𝜆
≈
𝑁𝐴 2𝑁𝐴
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Where R is the minimum distance between distinguishable objects in an image and is the
wavelength of the light used for illuminating the sample. This formula has its origin in the
diffraction of light and the finite aperture of the optical elements; it represents a limit for the
resolution of an optical system.

1.4.6 Photomultiplier Tube (PMT)
The photomultiplier tubes are one of the important components of our system. They
possess a photosensitive surface that captures incident photons and generates electronic charges
that are sensed and amplified. The output of a PMT is a current proportional to the number of
photons striking the photosensitive surface. The quantum efficiency (QE) of these devices, which
is the percentage of photons that are detected, is a function of the illumination wavelength and
dependable on the chemical composition of the surface. The values for QE may range between
20% and 40%.
PMTs are able to respond to changes in the input photon flux within a few nanoseconds
which makes them suitable for detection and recordings of extremely fast events. The dynamic
range of these devices is also considerably wide yet the electrical output current accurately reflects
the incident photon flux.
The signal to noise (SN) ratio is another measurement that serves to describe the
performance of electronic imaging sensors. In the case of PMTs the SN ratio is very high because
the dark current, which arises in electronic devices in the absence of light, is considerably low.
In our system, each PMT is coupled with a Hamamatsu C7950 socket which converts the
small-current high-impedance output of the PMT into a low-impedance voltage output with a
conversion factor of 0.3 𝑉/𝜇𝐴 . Additionally, each C7950 is connected to a +/-15 and a variable
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power supply (0 V to +3.6 V) for high voltage adjustments. The latter is used to manually control
the gain of the amplification circuit inside each C7950.
The large area of the photocathode or photosensitive surface is another advantage of PMTs
because it allows efficient collection of fluorescence. In our set up this fluorescence comes from a
point in the sample at a time and each PMT is able to handle a maximum count rate of about 1
MHz.

1.4.7 3D Stage
As explained before, the combination of the polygonal mirror and mounted galvanometer
mirror produces a two dimensional image at a given z-position. In order to create a three
dimensional reconstruction of the sample it is necessary to obtain images at different points in the
axial direction. Our 3D motorized stage (Shutter Instrument, model MP-285) provides this
capability. It can travel one inch on all three axes and provides a low resolution of 0.2 μm/step
and a high resolution of 0.04 μm/step . Typically in our lab a stack of images is taken with a
separation of 1 μm/step between planes. In terms of speed the maximum value specified by the
manufacturer for this stage is 2.9 μm/step which contributes to a small acquisition time.

1.5

ADVANTAGES OF TWO-PHOTON MICROSCOPY
The probability per pulse that a fluorophore will undergo excitation by two-photon

absorption when it is illuminated by a train of pulses through a focusing lens is given by
𝑛𝑎 ∝

2
𝛿2 𝑃𝑎𝑣𝑒

𝜏𝑝 𝑓𝑝2
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𝑁𝐴2

2

(2ℏ𝑐𝜆)

(20)

where 𝛿2 is the two-photon cross-section of the fluorophore at wavelength 𝜆, Pave the laser beam
average power, NA the numerical aperture of the focusing lens, ℏ is the reduced Plank constant,
and c the speed of light [8]. In a typical experiment, the laser average power and pulse width are
set carefully in order to maximize signal generation. It is important to avoid saturation (𝑛𝑎 ≈ 1),
otherwise the image will lose the optical resolution defined by the numerical aperture of the
focusing lens and the excitation wavelength.

Figure 1.3: One Photon Vs Two Photon fluorescence imaging [9]
The fluorescence signal produced in TPM is proportional to the probability of two-photon
absorption. Since this event scales with the laser intensity squared, two-photon excited
fluorescence can be spatially confined by focusing the excitation light.
The integration of two-photon absorption probability over sections of the illuminating cone
is largest at the focal plane and dies off rapidly in the regions in front and behind it. The
confinement of excitation and thus signal production in a small volume within samples is certainly
the key feature of TPM. It is demonstrated in Figure 1.3 by comparing the effect of one- and twophoton absorption on signal generation.
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Another advantage of TPM is the ability to image thick samples, even when they are highly
heterogeneous. This is due to the use of longer wavelengths (near IR) relative to shorter ones
(visible and UV) used in conventional one-photon fluorescence microscopy. Since light scattering
is proportional to 𝜆−4, TPM photons can reach deeper into samples and not be lost. With
appropriate objectives, TPM has been used to image biological events up to several hundred
microns within dense tissues [10]. The high penetration depth of TPM is further enhanced because
most biological samples present little linear absorption between 700 and 1000 nm.

Figure 1.4: Comparison of Confocal Microscopy and Two- Photon Microcopy
Conventional light microscopy is an important tool, but its ability to resolve microscopic
structures in optically thick specimens is limited because the image at the focal plane is blurred by
out-of-focus noise. The invention of confocal microscopy and two-photon microscopy has started
to address 3D imaging needs. Confocal microscopy is a technique very similar to two-photon
microscopy. Confocal microscopy achieves 3D resolution using a set of conjugate apertures, one
17

for illumination and one for detection of the scattered or fluorescent light [11]. These conjugate
pinholes, functioning as spatial filters, ensure that the microscope will illuminate and detect light
from the same volume within the specimen.
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Chapter 2: Predatorial behavior of Cafeteria roenbergensis
2.1

INTRODUCTION
In most aquatic ecosystems, heterotrophic nanoflagellates(HNF) are the most important

bacterivorous organisms [12]. They play important role in the microbial food web. Laboratory and
field studies of interactions between heterotrophic nanoflagellates(HNF) and bacteria suggest that
heterotrophic nanoflagellates(HNF) are the main microbial consumers of bacteria and are able to
regulate bacterial densities [13]. Though the feeding ecology of several heterotrophic
nanoflagellates (HNF) species has been studied, but the predatorial behavior of heterotrophic
nanoflagellates (HNF) are not fully understood. The flagellate Cafeteria roenbergensis, a common
marine bacterivorous flagellate, is a suitable species for detailed observations of the predatorial
behavior of heterotrophic nanoflagellates (HNF). C.roenbergensis is a eukaryotic organism which
has been found in all ocean water, especially in coastal water [14]. However, C.roenbergensis
swims fast, in addition, the interaction speed between C.roenbergensis and Bacteria are also very
fast, therefore, there are many difficulties and challenges for traditional imaging techniques to
view their interaction.

2.2

CAFETERIA ROENBERGENSIS
Cafeteria roenbergensis is a small bacterivorous marine flagellate. It was discovered by

Danish marine ecologist Tom Fenchel and taxonomist David Patterson in 1988. It is found
primarily in coastal waters where there are high concentrations of bacteria on which it grazes. Its
voracious appetite plays a significant role in regulating bacteria populations [15].
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Cafeteria roenbergensis is a slightly flattened, kidney-shaped bicosoecid (small group of
unicellular flagellates). Its cell typically measures between 3 and 10 µm and it has a volume of
around 20µm3.It is colorless and has two unequally sized flagella. Cafeteria is
a eukaryotic organism, so it contains the typical organelles such as mitochondria and nuclei [16].

Figure 2.1: Cafeteria roenbergensis
Cafeteria roenbergensis is a suspension feeder, meaning it feeds by filtering suspended
bacteria, its primary food source, and other particulate matter from the water [17]. Its
two flagella facilitate feeding, locomotion and attachment to substrates. The anterior flagellum is
responsible for locomotion and feeding. It propels the cell in a swift spiral movement. During
feeding, it beats at about 40 times per second to create a current of water that moves about 100
micrometers/second. This current brings bacteria to its mouthparts. The food is ingested below the
base of the flagella, which is referred to as the ventral side [18].
C. roenbergensis has been found in all ocean waters examined, but the highest numbers
have been found in coastal waters. Shigaki and Sleigh (2001) found that C. roenbergensis ceased
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to reproduce when the concentration of bacteria that they were grazing on became less than
2.0×107 cells ml-1 [19]. Other flagellates were able to multiply at much lower bacterial
concentrations, indicating that bacterial concentration is a limiting factor for Cafeteria. Flagellates
have varying abilities to gather bacteria to their mouths with their flagella, and this study suggests
that the abilities of Cafeteria species may be inferior to other flagellates, since Cafeteria are usually
specific to niches with high concentrations of bacteria.
Because they are easy to grow in culture, Cafeteria roenbergensis has been subject to a
diversity of more detailed studies, such as genomic and ecological studies that have revealed that
this species has the most functionally compact DNA amongst eukaryotes. While in
culture, Cafeteria are fed Vibrio bacteria. In a test conducted by Park and Simpson in 2010, it was
found that Cafeteria cells grow best in salinities of 3 ppm to 100 ppm, but cannot survive at
concentrations any higher [20].

2.3

BACTERIA
Bacteria are a type of microbe, or organism so small that it can only be seen with the use

of a microscope. Bacteria were first observed by the Dutch microscopist Antonie van
Leeuwenhoek in 1676, using a single-lens microscope of his own design [21]. The ancestors of
modern bacteria were unicellular microorganisms that were the first forms of life to appear on
Earth, about 4 billion years ago. For about 3 billion years, all organisms were microscopic, and
bacteria and archaea were the dominant forms of life [22]. Bacteria constitute a large domain of
microorganisms. There are approximately 5×1030 bacteria on Earth [23] and forming
a biomass which exceeds that of all plants and animals.
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Bacteria are single celled microbes. The cell structure is simpler than that of other
organisms as there is no nucleus or membrane bound organelles. Instead their control center
containing the genetic information is contained in a single loop of DNA. Some bacteria have an
extra circle of genetic material called a plasmid. Typically a few micrometers in length, bacteria
have a number of shapes, ranging from spheres to rods and spirals.

Figure 2.2: Scanning electron micrograph of Escherichia Coli (E. coli) [24]

2.4

SAMPLE PREPARATION

2.4.1 Cafeteria roenbergensis Preparation
Preparation of Cafeteria roenbergensis for imaging requires removal of 15 mL of Cro
culture from large stock, contained in a 125 mL flask, and placement of the amount inside a tube
for a centrifuge of 20 minutes with a rotation speed of 2600xg. After centrifuging is complete the
15 mL has all supernatant taken out. Then resuspension must take place with 1 mL of 25 ppt of
F/2 media. Another centrifuge cycle is done for 20 minutes at 3000xg rotation speed with this 1
mL resuspended Cro. After the second centrifuge cycle the pellet within the tube is to be examined
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and depending on size, resuspension is done either with 10-20 μL (10-small pellet, 20-big pellet)
of 25 ppt F/2 media. Stain Cro and count using hemocytometer. Dilute to necessary concentration
based on count.

2.4.2 Bacteria preparation
Begin by removing 15 mL of E.coli from main stock then centrifuge this amount at 1000xg
rotation speed for one minute to remove any cell debris or junk in the media. Next, transfer the top
8.5 mL of supernatant to a clean 15 mL tube and check the optical density with a
spectrophotometer. Dilute the bacteria to an optical density of 1.5 with at least 800 μL of total
bacteria volume. Once that is done, perform a 1:200 dilution of SYBR gold stain using 25 ppt F/2
media or 40% ethanol obtaining a final 400 μL volume. Then mix both the 400 μL of 1.5 OD E.
Coli with the 400 μL 1:200 dilution SYBR gold stain to obtain a final concentration of 0.75 OD
of E. Coli and 1:400 SYBR gold stain. Next, let the solution sit for 30 minutes in the dark. While
the mixture is sitting in the dark, take a separate tube and dilute the 1.5 OD E. Coli to 0.75 using
25 ppt F/2 media reaching a final volume of 800 μL. Then take this 0.75 OD E. Coli and let it sit
for the remaining time with the gold stained E. Coli. After time for resting in the dark has elapsed
take both samples and centrifuge them at 2000xg for a duration of ten minutes. Remove both
samples from the centrifuge then take out 700 μL of supernatant from the two samples. After
removal of supernatant add 700 μL of 25 ppt F/2 media and vortex thereafter. Repeat centrifuge at
2000xg for ten minutes, removal of same volume of supernatant, addition of 25 ppt F/2 media of
same volume and vortexing of both samples. Now, read the OD of the unstained sample and based
on the OD centrifuge down the stained sample for five minutes at a rotation speed of 2000xg and
resuspend for a final 1.2 OD reading.
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2.5

TPFM IMAGING

2.5.1 Cafeteria roenbergensis (Cro)
To make little gap between slide glass and cover glass, we used tape on slide glass. Then
we dropped 2µl Cro sample on slide glass and covered it with cover glass. Then we putted slide
under our two-photon microscopy and started recording images.

Figure 2.3: Cro in Reflection channel
The images of Cro are shown in Figure 2.3 and Figure 2.4. Figure 2.3 is the images
obtained from reflection channel, the laser wavelength was 710nm, the laser power was about
20mW on the sample, and the voltage of the photodiode was about 140V.Figure 2.4 shows the
NADH autoflurescence signal from Cro in the blue channel, the excitation wavelength was 710nm,
the laser power was about 20mW on the sample and the voltage of PMT was 3.0 V. We change
the image color from blue to red to see better in our eyes.
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Figure 2.4: Cro in NADH Autofluorescence
In figure, we can see only one frame captured at time 0.03s. We took videos for fast moving
Cro and each time we took more than 500 frames. In the video, we are able to see the fast moving
Cro and their interaction with bacteria.

2.5.2 Bacteria Imaging
To image bacteria, we used same process as Cro imaging. To make little gap between slide
glass and cover glass, we used tape on slide glass. Then we dropped 2µl Cro sample on slide glass
and covered it with cover glass. Figure 2.5 shows the Green signal from Bacteria with staining
SYBR Gold stain from the Green channel, the excitation wavelength was 710nm, the laser power
was about 20mW on the sample and the voltage of PMT was 1.5 V. Bacteria signal was stronger
than NADH autoflurescence signal from Cro, that’s why, PMT gain for Green Channel was lower
than PMT gain for Blue channel. In the image, sometimes we can see bacteria makes little cluster,
otherwise they are very uniform in the whole frame.
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Figure 2.5: Bacteria signal with stained by SYBR Gold Stain

2.5.3 Imaging for Interaction between Cro and Bacteria
To image interaction, first we mixed up Cro and Bacteria in a tube. We dropped 2µL Cro
and 2µL Bacteria in tube and mixed them up properly. Then we took 2µL sample from 4µL mixed
sample and dripped on slide glass and covered it with cover glass. Then we putted slide under our
two- photon microscopy and started recording their interaction. Before that we started recording
time from when we mixed them up. We used to get our sample ready for imaging around 2 min
after mixing up. The interaction process between Cro and bacteria is shown in figure 2.6, the laser
power was about 20mW on the sample and the voltage of PMT in green channel was 1.5V and
blue channel was 3.0 V. Here we merged blue to red color to see better in our eyes. In the figure
2.6(a) to 2.6(d), square indicates when Cro and bacteria close to each other and circle indicates
Cro already engulfed the bacteria.
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Figure 2.6: (a) interation between Cro and Bacteria in 2 min after mixing up; (b) interation between
Cro and Bacteria in 20 min after mixing up; (c) interation between Cro and Bacteria in 40 min
after mixing up; (d) interation between Cro and Bacteria in 60 min after mixing up
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Figure 2.8: Interaction between Cro and bacteria
We can see in the frames that number of overlapping particles (Cro and bacteria together)
is increasing with time .This indicates that Cro are eating bacteria and we are losing bacteria with
time. We can see in our frame that overlapping particles look like little yellowish and Cro looks
red before eating bacteria. That’s how we can confirm that Cro are eating bacteria.
In figure 2.6 (a) - (d), all of the frames have been take from different time duration’s video.
We used to take around 35s video in different times after mixing Cro and Bacteria. We were able
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to take first video around 2 min and we used to take our last video at 60 min, because we saw that
overlapping particles make saturation around 25 min.
Figure 2.7 shows the interaction between Cro and bacteria. Cro is fast moving flagellate,
that’s why it very hard to capture their interaction in the same plane, because they move very fast
to out of focus of our microscope.

2.6

STATISTICAL ANALYSIS OF INTERACTTION
For statistical analysis of interaction between Cro and bacteria, we used several Softwares.

Mostly we used ImajeJ and Minitab. There were background noise in our TPFM images and to see
the interaction we had to minimize noise from our videos. Image processing with common noise
reduction filters would eliminate some of the important data in our videos. To overcome this we
developed a new method to analysis our videos in Imagej. Also we had to do different analysis for
bacteria and Cro, because we had strong signal in green channel from bacteria and weak signal in
blue channel from Cro autofluorescence. That’s why, our blue channel videos were noisy. We
have done following algorithm for our statistical analysis:
Run (“Color”, “split channels”);
Run (“Blue channel”, “Noise”, “Despeckle”);
Run (“Math “, “Subtract = 40” );
Run (“Find edges”);
Run (“Gaussian Blur = 1.5”);
Run (“Green channel”);
Run (“Math”, “Subtract = 40”);
Run (“Find edges”);
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Run (“Gaussian Blur =1.0);
Run (“Image Calculator”, “Green”, “AND”, “Blue”);
Table 2: Counting number of particles by using ImajeJ software

Time
(min)
2
4
6
8
10
12
14
16
18
20
25
30
35
40
50
60

Frame

Frame

Frame

1-200

201-400

401-600

Over.
Particles

Cro

662
605
493
541
483
349
769
391
562
1007
737
1630
1899
1738
1637
1601

1368
1184
776
818
715
503
1086
541
732
1242
860
1894
2201
2017
1901
1843

Percent
Over.
Cro Percent
Over.
Cro Percent Bacteria
Of over Particles
Of over Particles
Of over
Particles
Particles
Particles
49.1
570
1126
50.6
687
1327
51.8
39141
51.1
397
702
56.5
551
953
57.8
32616
63.5
455
706
64.4
359
542
66.2
27645
66.1
548
813
67.4
442
647
68.4
27161
67.5
334
485
68.9
517
746
69.3
27084
69.3
370
530
69.8
446
632
70.5
25134
70.8
325
455
71.5
418
580
72.1
21766
72.3
724
994
72.8
728
991
73.5
22704
76.8
770
993
77.5
862
1104
78.1
21994
81.1
990
1209
81.9
479
581
82.5
20281
85.7
1245
1445
86.2
954
1098
86.9
19289
86.1
1345
1555
86.5
545
626
87.1
17230
86.3
1755
2015
87.1
1674
1926
86.9
15213
86.2
1516
1751
86.6
1611
1847
87.2
16812
86.1
1383
1603
86.3
1449
1667
86.9
15289
86.2
1474
1702
86.6
1384
1589
87.1
14772

Run (“Convert to Mask”);
Run (“Analyze Particles”);
Run (“Blue channel”, “Convert to Mask”);
Run (“Analyze Particles”);
Run (“Green channel”, “Convert to Mask”);
Run (“Analyze Particles”);
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After getting numerical data from ImageJ software, we used Minitab for our statistical
analysis. By using Minitab we were able to plot percentage of overlapping particles (Cro +
Bacteria) vs time.
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Figure 2.8: Plot of percentage of overlapping particles with time
To make sure our observations we have done this experiment several times in different
optical density of Bacteria. For every slide, we took videos in different time duration. We have
observed that number of overlapping particles increased with time. In figure 2.8, we can see
overlapping particles are increasing with time, but after certain time they are making saturation
curve. Overlapping Particles are saturated around 25 min and also we can see little bump in around

31

10 min. To be confirm about this bump we have done several experiment and every time we are
getting same bump around 10 min.
We can see in figure 2.8, slopes for first 4 points for different density of bacteria are around
same. Also we calculated slope from points on 15min to 25 min and we got around same slope for
different density of bacteria. The first fast increasing phase (0-9 minutes) with slope higher than 2
are most likely to be the capture and ingestion stages , the first saturation phase (9-15 minutes) is
the digestion and egestion phase, and the second increasing phase (15 -25 minutes) is another
ingestion phase.

2.7 CONCLUSION
In this study, we are able to observe the predatorial behavior of fast moving Cafeteria
roenbergensis by using our two-photon fluorescence microscopy. This high resolution video
microscope allows us to observe the interaction between Cro and bacteria. The Cro was imaged
by exciting and detecting the NADH autofluorescence signal and the bacteria was detected by
staining with SYBR gold stain, both Cro and bacteria were able to image with 710nm excitation
wavelength.
To be confirm about the behavior of Cro, we did our experiment several times and we get
around same plot for all of our experiment. We used E.coli bacteria as a model bacteria for our
experiment, because it’s most reliable bacteria to grow in laboratory.
We do have little noise in our two-photon microscopy, to remove this noise we developed
a new algorithm which minimized data loss from your videos. This method is useful when the size
of the objects is in the same order of background noise.
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Chapter 3: Quantify Mycobacterium Phagosomal Rupture in
Macrophages with two-photon FRET (Fluorescence Resonance
Energy Transfer)
3.1

INTRODUCTION
The Fluorescence Resonance Energy Transfer (FRET) between two molecules is an

important physical phenomenon with considerable interest for the understanding of biological
systems [25]. The technique of FRET, when applied to optical microscopy, permits to determine
the distance between two molecules within several nanometers. FRET was first described over 50
years ago, that is being used more and more in biomedical research and drug discovery today [26].
FRET is a distance dependent radiationless transfer of energy from an excited donor fluorophore
to a suitable acceptor fluorophore, is one of few tools available for measuring nanometer scale
distances and the changes in distances. Due to its sensitivity to distance, FRET has been used to
investigate molecular level interactions. Recent advances in the technique have led to qualitative
and quantitative improvements, including increased spatial resolution, distance range and
sensitivity.

3.2

MECHANISM OF FRET
The mechanism of fluorescence resonance energy transfer involves a donor fluorophore in

an excited electronic state, which may transfer its excitation energy to a nearby acceptor
chromophore in a non-radiative fashion through long-range dipole-dipole interactions. The theory
supporting energy transfer is based on the concept of treating an excited fluorophore as an
oscillating dipole that can undergo an energy exchange with a second dipole having a similar
resonance frequency. In this regard, resonance energy transfer is analogous to the behavior of
coupled oscillators, such as a pair of tuning forks vibrating at the same frequency. In contrast,
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radiative energy transfer requires emission and reabsorption of a photon and depends on the
physical dimensions and optical properties of the specimen, as well as the geometry of the
container and the wavefront pathways. Unlike radiative mechanisms, resonance energy transfer
can yield a significant amount of structural information concerning the donor-acceptor pair.
Resonance energy transfer is not sensitive to the surrounding solvent shell of a fluorophore,
and thus, produces molecular information unique to that revealed by solvent-dependent events,
such as fluorescence quenching, excited-state reactions, solvent relaxation, or anisotropic
measurements. The major solvent impact on fluorophores involved in resonance energy transfer is
the effect on spectral properties of the donor and acceptor. Non-radiative energy transfer occurs
over much longer distances than short-range solvent effects, and the dielectric nature of
constituents (solvent and host macromolecule) positioned between the involved fluorophores has
very little influence on the efficacy of resonance energy transfer, which depends primarily on the
distance between the donor and acceptor fluorophore.
A pair of molecules that interact in such a manner that FRET occurs is often referred to as
a donor-acceptor pair. The phenomenon of FRET is not mediated by photon emission. Also it does
not even require that the acceptor chromophore to be fluorescent. Although in most of the
applications the donor and the acceptor are fluorescent.

3.3

PRINCIPLE OF FRET
In the process of FRET, initially a donor fluorophore absorbs the energy due to the

excitation of incident light and transfer the excitation energy to a nearby chromophore, the
acceptor.
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𝐷 + ℎ𝜗 → 𝐷∗
𝐷∗ + 𝐴 → 𝐷 + 𝐴∗ [D → Donor, A → Acceptor]
𝐴∗ → 𝐴 + ℎ𝜗 ′
Energy transfer manifests itself through decrease or quenching of the donor fluorescence
and a reduction of excited state lifetime accompanied also by an increase in acceptor fluorescence
intensity.

Figure 3.1: Jablonski diagram illustrating the FRET process.
Figure 3.1 is a Jablonski diagram that illustrate the coupled transitions involved between
the donor emission and acceptor absorbance in FRET. In presence of suitable acceptor, the donor
fluorophore can transfer its excited state energy directly to the acceptor without emitting a photon.
There are few criteria that must be satisfied in order for FRET to occur. These are: (i) the
fluorescence emission spectrum of the donor molecule must overlap the absorption or excitation
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spectrum of the acceptor chromophore (figure 3.2). The degree of overlap is referred to as spectral
overlap integral (J). (ii) The two fluorophore (donor and acceptor) must be in the close proximity
to one another (typically 1 to 10 nanometer). (iii) The fluorescence lifetime of the donor molecule
must be of sufficient duration to allow the FRET to occur.

Figure 3.2: Absorption and fluorescence spectra of an ideal donor-acceptor pair [26]

Förster [26] showed that the efficiency of the FRET process (EFRET) depends on the
inverse sixth power of the distance between the donor and acceptor pair (r) and is given by:

𝐸𝐹𝑅𝐸𝑇

𝑅06
=
( 𝑅06 + 𝑟 6 )

Where R0 is the Förster radius at which half of the excitation energy of donor is transferred to the
acceptor chromophore. Therefore Förster radius (R0) is referred to as the distance at which the
efficiency of energy transfer is 50%.
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The Förster radius (R0) depends on the fluorescence quantum yield of the donor in the
absence of acceptor (fd), the refractive index of the solution (η), the dipole angular orientation of
each molecule (K2) and the spectral overlap integral of the donor-acceptor pair (J ) and is given by
𝑅0 = 9.78 × 103 (𝜂−4 𝑓𝑑 . 𝐽)

1⁄
6

𝐴0

In summary, the rate of FRET depends upon the extent of spectral overlap between the
donor acceptor pair (figure 3.2), the quantum yield of the donor, the relative orientation of the
donor-acceptor transition dipole moments and the distance separating the donor-acceptor
chromophore. Any event or process that affects the distance between the donor-acceptor pair will
affect the FRET rate, consequently allowing the phenomenon to be quantified, provided that the
artifacts can be controlled or eliminated. As a result, FRET is often referred to as a
`spectroscopic/molecular ruler´, for example to measure the distance between two active sites on
a protein that have been labelled with suitable donor-acceptor chromophore, and therefore
monitoring the conformational changes through the amount of FRET between the fluorophores.

3.4

TUBERCULOSIS (TB)
Tuberculosis (TB), one of the most widespread infectious diseases, is the leading cause of

death in the world and has been known in humans since ancient time [28]. Tuberculosis (TB) is
caused by the bacterium Mycobacterium tuberculosis and is annually responsible for nearly two
million deaths worldwide. A third of the world's population is currently infected with the TB
bacillus, and more than eight million new cases are diagnosed each year [29].Infection with
Mycobacterium tuberculosis begins when a person breathes in airborne bacteria. This is more
likely to happen if a person is in close contact with one or more infected people with active TB
who are coughing or sneezing. A single droplet of 0.5 µm to 5µm in diameter contains enough
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bacteria to cause the infection. In many people, any inhaled bacteria are killed immediately by the
immune system. In others, the TB bacteria are engulfed by macrophages, a type of white blood
cell, and enter a dormant state. This is called latent infection, and this stage can last for years or
even for life.

Figure 3.3: Stages of Mtb infection [30]
It is estimated that one-third of the world’s population is latently infected with
Mycobacterium tuberculosis (Mtb), and 5-10% of these latently infected individuals develop into
active tuberculosis, which results in over 2 million deaths each year [31]. Typically, 5% of the
patients will enter the active stage of the disease following the exposure to Mtb; but, the majority
of individuals (95%) will transition to a non-infectious latent disease. The latent phase can persist
for decades and the patients do not present symptoms or transmit the disease. Approximately 5%
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of individuals in the latent stage will develop the active disease at some point in life and this is
accentuated (50%) when there is immune suppression such as in the case of HIV. Most of the
patients with active Tb that are treated will recover (95%), whereas 5% of them might relapse; if
untreated, high mortality results.

Transition from latency to active tuberculosis is a critical step in pathogenesis of Mtb.
Current studies have suggested that the transition requires Mtb to penetrate phagosomal membrane
and translocate to the cytosol of the host macrophage (termed “cytosolic translocation”), where
Mtb replicates and spreads to other cells through cytolysis [32]. However, the cellular and
molecular mechanisms of Mtb cytosolic translocation are not clear. In our laboratory we employ
two-photon microscopy and FRET to study the mechanism of cytosolic translocation of
Mycobacterium marinum (Mm), an organism genetically similar to Mtb. The method we use is
based on a β-lactamase fluorescent substrate that allows measurement of cytosolic translocation.

3.5

MECHANISM FOR TRACKING PHAGOSOMAL RUPTURE

The capability of Mtb to escape the phagosome is a key factor to study the transition from
latent to active Tb. The study of cytosolic contact of selected mycobacteria at different time points
serves to link phagosomal rupture with the pathogenic potential of the tested bacterial species. In
our research we focused on Mycobacterium marinum (Mm) which is a model organism typically
used to study mycobacterial pathogenesis. We tested wild type Mm as well as several strains of
Mm and compared their ability to escape the phagosome after 24 and 96 hours of infection.
Similarly, we compared Mm with Mycobacterium smegmatis (Ms) which is generally considered
a non-pathogenic microorganism.
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Mycobacteria produce β-lactamase enzymes that provide them with resistance to β-lactam
antibiotics like penicillin. These antibiotics have a common element in their molecular structure
known as β-lactam. The lactamase enzymes break this ring open therefore deactivating the
molecule’s antibacterial properties. This property was used for the creation of a chemical probe
that is trapped within the host cytoplasm and that exhibits FRET when beta-lactamase activity is
present.
The FRET-based fluorescent substrate CCF4 consists of two fluorophores, coumarin and
fluorescein, and a cephalosporin core that contains a β-lactam ring. CCF4 is trapped in the cytosol
of macrophages and excluded from endosomes and other organelles. The use of this probe relies
on the bacterial expression and exposure of β-lactamase. Cleavage of CCF4 by β-lactamase
expressing bacteria causes a switch of the FRET signal from 535 nm to 450 nm upon two photon
excitation with 700 nm.

3.6

EXPERIMENTAL PROCEDURE
 Mouse macrophages (RAW Cell) were loaded with CCF4 dye.
 Wild-type and mutant strains cultures of Mm and Ms were prepared and deployed to the
CCF4 loaded cells.
 Cells were incubated at 37°C for bacterial invasion.
 Image acquisition was performed at after 24 and 96 hours of infection. A two-photon laser
scanning fluorescence microscope was used with a 60x (1.2 Numerical Aperture (NA),
0.28mm Working Distance (WD) water objective. The excitation wavelength was
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Figure 3.4: Fluorescence Emission Spectra of CCF4 (two-photon excitation at 700nm)
[34]

Figure 3.5: Mechanism for tracking phagosomal rupture
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adjusted to 700 nm and the fluorescence emission was detected in three channels (red,
green and blue).
 Subsequently, images were analyzed using CellProfiler, a computer software that allows
automated scoring of the fluorescence signal for each individual cells. By using this
software it is possible to calculate the ratio between the 450nm and 535nm emission signals
and export the results to a text file. Ratios greater than 1 were considered positive for
translocation.
 Histogram were generated by using Minitab with Blue/ Green Ratio.

3.6.1 Image processing by using CellProfiler
The images acquired with our two-photon microscope were saved as 24-bit RGB TIF files.
Each of them displays 256 values in the red, green and blue channel. They were quantitatively
analyzed using CellProfiler software. A pipeline was created in order to identify cells properly and
calculate the ratio of the mean intensity in the blue and green channel per individual cell. The
sequence of steps followed in order to create the pipeline can be listed in order as image preprocessing, cell identification, measurement, math calculation, image post- processing and storing
of results.


RGB color images were converted to a grayscale image by combining the three channels
together. The relative weight was set to 1 for each channel to ensure that they contribute
equally to the final image.



RGB color images were converted to a grayscale image by splitting the three channels into
three individual grayscale images.
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Using the images generated in step one cells were identified based on diameters in the
range of 10 to 80 pixels (6.4 to 51.2 um). Cells outside this range were discarded. Similarly,
cells lying on the border of the image were not taken into account to avoid measurements
from a portion of an object. A global threshold strategy was used to classify pixel intensities
as foreground or background. Since the distribution of cells varies substantially from image
to image, the Otsu approach was employed to calculate the threshold separating the two
classes of pixels based on splitting the image into three classes: foreground, mid-level, and
background. The middle intensity class was assigned to the foreground. Each image was
smoothed with a Gaussian filter before thresholding in order to remove noise in the
acquired images.



The average pixel intensity was measured within each cell identified in step three based on
the grayscale images obtained for the red, blue and green channels in step two.



The ratio of (mean blue intensity) / (mean green intensity) was calculated for each cell
based on the measurements from step four.



Images with ratios above 1 were flagged.



The cell outlines produced in step three where placed on the original RGB color images.



The average pixel intensities measured in step four were converted from CellProfiler
default scale (0 to 1) to grayscale (0 to 255).



The ratios calculated in step five were placed on top of every cell from the images generated
in step seven.



RGB color images displaying cell outlines and ratios (from steps 8 and 9) were saved as
TIF files.
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The grayscale mean intensities generated in step 7 together with the ratios from step 5 and
the flagged images from step 6 were exported to text files.

3.6.2 Results
We have tested wild-type Mycobacterium marinum (Mm) as well as several strains of
Mycobacterium marinum (Mm) and compared their ability to escape the phagosome in different
time periods after infection. Similarly, we compared Mm with Mycobacterium smegmatis (Ms)
which is generally considered a non-pathogenic microorganism. The following images in figures
3.6-3.8, were acquired randomly for three different samples infected by Mycobacterium marinum
(Mm), Mycobacterium smegmatis (Ms) and a mutant strain of Mycobacterium marinum (Mm
Q5V).

Figure 3.6: Images Acquired after 24 hours and 96 hours infection with Ms
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Figure 3.7: Images Acquired after 24 hours and 96 hours infection with Mm

Figure 3.8: Images Acquired after 24 hours and 96 hours infection with Mm
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Figure 3.9: Distribution of the ratio of blue/green as a comparison between Mm and
Mm Q5V with Ms
Each combination of host cell and bacteria was imaged after 24 and 96 hours of infection.
In figures 3.6, 3.7 and 3.8 show images of cells infected with Mm, Ms and Mm Q5V respectively.
The three channels are shown separately. Bacteria was labeled with the red fluorescent protein
mCherry. After taking images from our microscopy, we have used Cell Profiler and Minitab to
analysis those images. Then we have plotted Histograms of the ratio Blue/Green .Histograms of
the ratio Blue/ Green are shown in figure 3.9. The histograms in figure 3.9 are showing the
distribution of the ratio of blue/green as a comparison between Mm and Mm Q5V with Ms. From
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histograms we can see, higher ratios have been obtained for Mm Q5V after 96 hours of infection,
indicating its ability to gain access to the cytosol of macrophages. Mm Q5V is mutant stain of
Mycobacterium marinum which has stronger membrane lytic activity compared to wild type
Mycobacterium marinum (Mm).It plays important role in breaking the phagosome inside the
cells and escaping from macrophage cells.

3.7

CONCLUSION
Our Result has shown that the presence of blue Florescence is more significant after 96

hours and mutant stain of Mycobacterium marinum (Mm Q5V). These results have indicated that
longer time period and Mm Q5V have higher capability of translocation to the cytosol compare
with shorter time period and with non–pathogenic Mycobacterium smegmatis (Ms) and wild type
Mycobacterium marinum (Mm). Blue/Green ratio of Mm is little higher than Ms which is nonpathogenic, that means Mm has higher capability to escape from macrophage cells than Ms.
The use of sensitive cytoplasmic FRET reporter CCF4-AM combined with our two photon
laser scanning fluorescence microscope provides quantitative analysis of phagosomal rupture and
cytosolic entry of cellular pathogens.
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